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Abstract 
Contralateral bones are often used in many medical applications but it is assumed that their bilateral 
differences are insignificant. Previous studies used a limited number of distance measurements in 
quantifying the corresponding differences; therefore, little is known about their bilateral 3D surface 
asymmetries. The aim of the study is to develop a comprehensive method to quantify geometrical 
asymmetries between the left and right tibia in order to provide first results on whether the 
contralateral tibia can be used as an equivalent reference. 
In this study, 3D bone models were reconstructed from CT scans of seven tibiae pairs, and 34 
variables consisting of 2D and 3D measurements were measured from various anatomical regions. All 
2D measurements, and lateral plateau and distal subchondral bone surface measurements showed 
insignificant differences (p > 0.05), but the rest of the surfaces showed significant differences (p < 
0.05).   
Our results suggest that the contralateral tibia can be used as a reference especially in surgical 
applications such as articular reconstructions since the bilateral differences in the subchondral bone 
surfaces were less than 0.3 mm. The method can also be potentially transferable to other relevant 
studies that require the accurate quantification of bone bilateral asymmetries. 
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Introduction 
The contralateral limb is often used as a reference in clinical, forensic and anthropological studies 1-6, 
with the assumption that the left and right extremities are not significantly different. However, this 
method assumes that there are insignificant differences between the left and right extremities. Little is 
known to what extent they are geometrically symmetrical since their bilateral differences have not 
been fully elucidated in order to determine if the contralateral can be used as an equivalent control. To 
our knowledge, there are no studies exploring the bilateral differences in bone surface geometry, 
particularly in the articular regions of the tibia. 
For the tibia, typical distance measurements that were used to quantify the similarities or differences 
between the left and right include tibial length and condylar breadths 
7, 8
. Distance dimensions of the 
distal articular surface in the mediolateral (ML) and anteroposterior (AP) directions have been 
measured by Plochocki (2004). While these studies have demonstrated bilateral variations in various 
anatomical regions such as tibia lengths, diaphyseal and distal articular breadths they are essentially 
limited to a two-dimensional assessment. As such, linear distance measurements are insufficient in 
determining the similarities or differences between bilateral bone surfaces in 3D. Therefore, in order 
to quantify the differences in bilateral bone surfaces more accurately, we propose to use 3D models of 
tibia in conjunction with state of the art measurement software. 
In previous studies such as  Plochocki (2004), Auerbach and Ruff (2006), the specimens originated 
from pre- and early industrial periods, which may not accurately represent today's population. 
Auerbach and Ruff (2006) have stated that industrial groups are likely to exhibit less asymmetry than 
pre-industrial humans due to genetic and behavioural traits of individuals. Therefore, it becomes 
necessary to conduct a detailed investigation using specimens from the modern human population in 
order to gain a better understanding of their bilateral differences and to verify to what extent the 
contralateral bone can be used as a comparable reference standard. The importance of establishing the 
bilateral differences in the modern population becomes apparent especially in fracture healing studies 
involving articular reconstructions of the lower limb. In a routine postoperative assessment of 
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articular fractures, a radiograph of the uninjured limb is commonly taken to be compared with the 
opposite side to determine the accuracy of reduction. Since the accuracy of articular reduction has 
been closely associated with minimising the risk of complications such as posttraumatic arthritis, it is 
imperative that the bilateral differences of bone be quantified so that a framework can be developed to 
overcome limitations arising from radiographs. With this, the proposed comparison can also be used 
as a framework for other fracture healing related studies that use the contralateral bone as a control. 
Current reverse engineering and computer-aided model softwares in the market such as Rapidform 
2006 (INUS Technology, Korea) have the capability to quantify the geometrical differences between 
two complex 3D bone surfaces, and allow them to be registered optimally to each other on a point-to-
point basis for their entire surface. The registration process uses the Iterative Closest Point (ICP) 
algorithm 
9
 in order to minimise the distance between two surfaces, after which geometrical 
asymmetries between them can be quantified. 
This study aims to develop a comprehensive method for quantifying the geometrical asymmetries 
between the left and right tibia. The study will then apply this method on a small sample dataset to 
provide first results on the suitability of the contralateral bone as an equivalent reference standard. 
Materials and Methods 
CT data and reconstruction of 3D bone models 
CT scans of seven matched pairs of intact cadaver tibiae were obtained, two of which were from 
donors from Princess Alexandra Hospital (Brisbane, Australia), and five from the Tsukuba Medical 
Centre (Ibaraki, Japan). The voxel sizes of the CT images were 0.4 x 0.4 x 0.5 mm and 0.6 x 0.6 x 0.6 
mm, respectively. The average age of the donors was 56 years old, in the range of 20 to 72 years old. 
Two donors were female, and five male. 
The CT scans were imported into the image processing software Amira 5.4.5 (Visage Imaging, 
Germany). For the reconstruction of the 3D bone models of the left and right tibia, a multi-level 
threshold method 
10
 was applied to the CT images to generate a triangular surface mesh 3D model. 
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This method utilises the Canny-edge detection filter to determine threshold values of the outer bony 
contours of the proximal, shaft and distal regions of the tibia. Subsequently, these threshold values 
were used for the segmentation and generation of the outer surface bone models containing 
approximately 250 000 (Japan) and 550 000 (Australia) triangular polygons. This method had also 
been reported to produce CT bone models with errors less than ~0.18 mm for the whole bone 
10
. 
These 3D models were saved in STL format and imported into the reverse engineering software 
Rapidform 2006 for 2D and 3D quantification analysis. 
Quantification of 3D bone models 
A total of 34 variables were measured and tabulated for this study to quantify the differences between 
the left and right bone models. Variables pertaining to distance and angle measurements were adapted 
from several clinical, biomechanical and forensic studies 
11-16
. For this comparison, a coordinate 
system was established by defining the anatomical axis, coronal, sagittal and axial planes with respect 
to the superior-inferior (SI), AP and ML directions of the bone model.  
The anatomical axis was defined using several semi-automated steps. Firstly, three points (P1, P2 and 
P3) were manually selected along the most posterior proximal and distal regions of the medial and 
lateral condyle, and lateral epicondyle, respectively, to create an interconnecting plane (Plane 1) 
(Figure 1a). Secondly, two planes (Planes 2 and 3) horizontal to Plane 1 were automatically fitted to 
the superior and inferior ends of the tibia. Thirdly, four planes (Planes 4, 5, 6 and 7) perpendicular to 
Plane 1 were created by manually land-marking the widest ML distances (W1 and W2) of the 
proximal and distal epiphysis (Figure 1a). Fourthly, the W1 and W2 distances were used to offset 
Planes 2 and 3 to obtain Planes 8 and 9. These two planes demarcate the boundaries of the proximal 
and distal regions (Figure 1b). The boundary of the proximal and distal tibia is defined by the AO 
Foundation as a square of the widest ML widths, with the shaft as the remaining region 
17
. Finally, a 
cone was automatically fitted by selecting the shaft region to generate the anatomical axis. The 
anatomical axis was also in the SI direction of the bone model (Figure 1b). 
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Figure 1. (a) Creating Plane 1 from Points 1, 2 and 3 (three red dots marked by P1, P2 and P3). The boundary of the 
proximal, shaft and distal regions of the tibia is demarcated by Planes 8 and 9. (b) Creating the anatomical axis by best-
fitting a cone in the shaft region (in red), and establishing the sagittal plane using Points 4 and 5 (two red dots marked by P4 
and P5). 90 degrees to the sagittal plane is the coronal plane about the anatomical axis. 
The establishment of the coronal, axial and sagittal planes required several automated steps. Firstly, 
the mid-point (P4) of the anatomical axis was projected onto Plane 1 (P5) in order to generate the 
sagittal plane (Figure 1b). Secondly, using the anatomical axis as a direction vector, the coronal plane 
was generated perpendicular to the sagittal plane. Finally, the axial plane was defined perpendicular to 
the anatomical axis and orthogonal to the other two planes. 
The AP and ML directions of the bone model were defined by automatically generating AP and ML 
vectors from intersecting the coronal and axial planes, then the sagittal and axial planes, respectively 
The whole process was then repeated for the right bone model. 
The quantification of the 3D models was divided into two categories: 
(A) 2D measurements 
The variables included in this study were the diameters 
12
, cross-sectional areas and perimeters at 
20%, 50% and 80% of the bone length, epiphyseal widths of the proximal and distal regions (PE and 
DE) 
12
, medial and lateral plateau (MP and LP) breadths and widths 
14, 15
, distal subchondral  (DS) 
surface breadths and widths in the AP and ML direction, and the anatomical length in the SI direction. 
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The diameters at 20% bone length from the superior end of the bone model is referred to in this study 
as the proximal diaphysis (PD) diameter, while at 50% it is the mid diaphysis (MD) diameter, and 
80% is the distal diaphysis (DD) diameter (Figure 2). For width measurements of the MP, LP and DS 
surfaces, these three regions were manually demarcated and cut using interpolating curves at the 
boundary of the subchondral bone surface with the aid of the curvature plot function. The curvature 
plot function shows the curvature distribution of a surface and helps to identify the subchondral bony 
edges. After the three surfaces were separated from the model, their individual perpendicular 
distances corresponding to the AP and ML vectors were measured (Figure 3a). 
 
Figure 2. The measurements were carried out using the coordinate system as shown. The mediolateral (ML), anteroposterior 
(AP) and superior-inferior (SI) directions represent the location of the coronal, sagittal and axial planes with reference to the 
anatomical axis located along the shaft of the tibia. Numbers 1 to 6 represent the 6 coloured surface regions that were 
divided to carry out the fine registration process in Rapidform 2006.  
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Figure 3. (a) Breadth and width measurements of the medial plateau (MP), lateral plateau (LP) and distal subchondral (DS) 
bone surfaces, and the MP and LP slopes. The 2 red dotted lines represent the vectors used to measure the MP and LP slopes 
with respect to the axial plane. The three yellow curves represent the area in which the subchondral surfaces were cut for 
surface-based measurements. (b) Sagittal view of the MP slope. (c) Proximal and distal joint (DJ) slopes measurements. 
Lines AB and CD represent the vector intersecting the coronal plane and the best-fit plane along the proximal and distal 
subchondral bone surfaces, respectively.  
To obtain the MP and LP slope measurements, several automated steps were required. Firstly, the 
midpoints of the MP and LP widths were identified using two planes parallel to the sagittal plane, 
after which two cross-section curves were automatically created with these two planes. Secondly, two 
best-fit vectors were created at the same position (dotted red line in Figure 3a) of each midline curve. 
9 
 
Finally, these two vectors were measured against the axial plane to obtain the MP and LP slope 
measurements 
11, 13
 (Figure 3b). 
A plane was best-fit to both the MPS and LPS surfaces, and another at the joint line of the DS bone 
surface. With these two planes, two other vectors were created by intersecting these two planes with 
the coronal plane. These vectors were measured against the anatomical axis for the proximal and 
distal joint (DJ) slopes 
16
 (Figure 3c). 
(B) 3D measurements 
To quantify the geometrical surface differences between the left and right 3D tibia bone models, the 
right was mirrored to the left and a fine registration process was applied to both models. The fine 
registration process utilizes the ICP algorithm which iteratively aligns the two models until their 
surface differences converge to a minimum 
9
. This algorithm also optimises the alignment between 
the two surfaces 
10, 18
. At this point, the surface geometry differences were recorded as the average 
distance with its standard deviation for the whole bone (Figure 4b) and the MD (numbered 3 and 4 in 
Figure 2). The fine registration process was repeated for the proximal, distal, PE and DE surfaces, 
respectively (numbered 1, 6, 2 and 5 in Figure 2). At this point, the average distances and standard 
deviations of the proximal and distal surfaces were recorded. With the fine-registered surfaces of the 
PE and DE, the boundaries of MPS, LPS and DS surfaces were demarcated and cut by drawing curves 
with the aid of the curvature plot function, and their cut surfaces were used to measure their average 
surface deviations and standard deviations. 
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Figure 4. (a) The mirrored and aligned 3D model of the right tibia (in green) with the left tibia (in red). (b) Calculating the 
surface geometry differences between the left and right tibia. (c) Calculating the percentage surface distribution between the 
left and right tibia. The red area indicates where the left bone is larger, while the blue area indicates where the right bone is 
larger. 
To determine whether the left is larger or smaller than the right tibia, we quantified the percentage 
distributions of the visible surfaces from the two models (Figures 4a and 4c). This was implemented 
utilising Rapidform’s ‘Go/No-go’ analysis which is part of the surface deviation function. The 
volumes of each bone were also recorded. 
With the variables from Part (A) and (B), the mean values were tabulated as the average of the 
respective left and right bone and surface measurements. The mean differences were recorded by 
subtracting the measurements between the left and right tibiae, and taking their absolute value. 
Statistical analysis 
With the measurements from Part (A), a paired-t test with a two-tailed distribution was conducted in 
the Statistical Package for the Social Sciences 21 (SPSS) (IBM Corp) to assess the statistical 
significance between the left and right bone models. A p < 0.05 was considered statistically 
significant. 
11 
 
With the measurements from Part (B), a one sample, two-tailed t-test with a tolerance of 0.3 mm was 
conducted to quantify the statistical significance of the paired bone models. A p < 0.05 was 
considered statistically significant. Several papers stated that the accuracy of computer-assisted orbita 
and fracture reduction surgeries was no less than 0.8 mm, therefore a tolerance of 0.3 mm was 
considered as clinically irrelevant 
19-23
.  
Finally, a repeatability test was done by repeating all measurements on one pair of bone models three 
times. 
Results 
Surface geometry measurements of the whole bone, proximal, MPS, shaft, and DS regions were found 
to be statistically significant (p < 0.05). The rest of the surface and distance-based variables were 
found to be statistically insignificant (p > 0.05 respectively) (Tables 1 and 2). 
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Table 1. Distance, perimeter, area and angle measurements. PD, MD and DD: Proximal, mid- and distal diaphysis; PE and 
DE: Proximal and distal epiphysis; MP and LP: Medial and lateral plateau; DS: Distal subchondral; DJ: Distal Joint; ML and 
AP: Mediolateral and Anteroposterior direction. The mean differences were recorded were as absolute values. 
   Left Right     
No. Variable Unit Mean Mean |Mean 
Differences| 
SD Range of 
Differences 
P-
value 
1. Length mm 355.7 354.0 2.0 3.8 -0.7 - 10.0 0.28 
2. PD diameter (ML) mm 32.3 32.8 0.6 0.6 -1.5 - 0.2 0.08 
3. PD diameter (AP) mm 34.9 34.7 0.8 1.0 -1.4 - 1.5 0.63 
4. MD diameter (ML) mm 23.9 23.7 0.7 0.9 -1.4 - 0.5 0.56 
5. MD diameter (AP) mm 25.3 25.5 0.5 0.7 -1.1 - 0.8 0.67 
6. DD diameter (ML) mm 24.7 24.5 0.6 0.8 -0.7 - 1.6 0.54 
7. DD diameter (AP) mm 22.0 21.9 0.6 0.8 -0.9 - 1.6 0.70 
8. PE width (ML) mm 77.6 77.6 1.0 1.3 -1.5 - 2.3 0.91 
9. PE width (AP) mm 60.1 60.6 0.6 0.6 -1.5 - 0.3 0.07 
10. DE width (ML) mm 52.3 51.9 1.0 1.1 -1.0 - 1.7 0.30 
11. DE width (AP) mm 43.6 43.5 0.8 1.1 -2.1 - 1.5 0.95 
12. MP width (ML) mm 29.4 29.8 0.7 0.7 -1.0 - 1.0 0.25 
13. MP breadth (AP) mm 47.4 47.8 1.6 2.0 -2.7 - 3.1 0.58 
14. LP width (ML) mm 34.3 33.6 1.3 1.9 -1.8 - 4.4 0.35 
15. LP breadth (AP) mm 38.8 38.6 2.1 2.7 -2.4 - 4.7 0.83 
16. DS surface width (ML) mm 34.2 34.9 1.1 1.3 -2.9 - 1.0 0.20 
17. DS surface breadth (AP) mm 30.5 30.7 2.8 3.6 -4.3 - 6.0 0.90 
18. PD perimeter mm 106.0 106.5 1.3 1.4 -2.3 - 1.3 0.43 
19. MD perimeter  mm 77.5 77.4 1.4 1.8 -2.2 - 2.6 0.83 
20. DD perimeter mm 74.3 73.7 1.4 1.9 -1.6 - 4.1 0.48 
21. PD area mm2 799.6 801.5 20.4 25.7 -33.0 - 40.9 0.85 
22. MD area mm2 498.0 497.5 11.2 14.6 -15.9 - 22.3 0.93 
23. DD area mm2 424.6 417.8 16.9 22.3 -16.1 - 49.1 0.45 
24. MP slope (°) 11.0 11.7 2.6 2.8 -3.6 - 3.5 0.51 
25. LP slope (°) 8.9 10.1 2.2 2.2 -2.6 - 3.7 0.21 
26. Proximal slope (°) 83.5 82.9 1.1 1.4 -0.7 - 3.1 0.29 
27. DJ slope (°) 86.9 86.8 1.0 1.3 -1.9 - 1.6 0.84 
 
Table 2. Surface geometry measurements. MD: Mid diaphysis. MPS and LPS: Medial and lateral plateau subchondral; DS: 
Distal subchondral. The mean surface deviations were taken as absolute values. 
  Surface Deviations 
between left and right 
   
No. Surface Region |Mean| (mm) SD Range of Measurement p-value 
1. Whole bone 0.6 0.2 -0.1 - 0.3 0.00 
2. Proximal 0.5 0.1 -0.2 - 0.1 0.00 
3. MD 0.4 0.2 -0.3 - 0.2 0.02 
4. Distal 0.3 0.2 -0.2 - 0.4 0.46 
5. MPS 0.2 0.1 0.0 - 0.3 0.00 
6. LPS 0.3 0.2 -0.1 - 0.3 0.36 
7. DS 0.2 0.0 0.0 - 0.1 0.01 
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Fourteen out of 23 distance, perimeter and area variables (excluding the slope) showed that the left 
tibiae is larger than the right (Table 1). This is in agreement with the percentage surface distributions 
and volume measurements, where 5 out of 7 pairs of tibiae showed that the left was larger than the 
right (Table 3). 
Table 3. Differences in surface distribution and volume between the left and right tibia for all seven tibiae pairs. 
 Surface Distribution (%) Volume (mm
3
) 
Pair No. Left Right Left Right 
1. 57.8 42.2 328611 325386 
2. 59.2 40.8 256921 249074 
3. 42.4 57.6 207130 211083 
4. 52.1 47.9 271898 269828 
5. 61.8 38.2 222871 219515 
6. 50.5 49.5 328967 324997 
7. 44.0 56.0 284084 289778 
 
The repeatability test that was repeated thrice for one paired tibiae showed a small degree of 
variability in the length, diameter, width, perimeter and area of all regions of the bone (0.01 to 0.1 
SD), and this variability increases with the MP, LP, and DS breadths and widths, as well as the 
proximal, MP, LP and DJ slopes (0.03 to 0.78 SD). However, surface geometry measurements 
showed a small degree of variability for all the surface regions (0 to 0.02 SD). 
Table 4. Repeatability test for one paired tibia (Pair No. 4). 
Type of measurement Variable Name Range of SD 
(mm) 
Distance, angle 
perimeter and area 
Length 
PD, MD and DD diameter 
PE and DE breadth and width 
PD, MD and DD perimeter and area 
0.01- 0.10 
MP, LP and DS breadth and width 
Proximal, MP, LP and DJ slope 
0.03 - 0.78 
Surface geometry All surface regions 0 - 0.02 
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Discussion 
The contralateral bone is often used as a reference in the field of research, forensics, and clinical 
practice. This approach assumes that there are insignificant differences between the left and right 
bones, even though previous studies have reported bilateral asymmetries in long bones 
7, 8
.  On the 
other hand, these studies have utilised human remains from the pre- and post- industrial period, 
therefore cannot fully represent the asymmetries in modern humans. Therefore, the aim of this study 
was to develop a comprehensive method to compare the bilateral asymmetries of the tibia using 3D 
bone models reconstructed from the present human population in order to determine if the 
contralateral can be used as a comparable reference standard. 
The quantification of differences between the tibiae-pairs in terms of distance, angle, perimeter and 
area measurements from the various anatomical regions tibia have revealed insignificant differences 
(p > 0.05). Present results are different compared to the studies conducted by Plochocki (2004) and 
Auerbach and Ruff (2006), where the bilateral asymmetries of the tibia such as the distal tibia 
articular breadths and diaphyseal breadths were reported. While this may be due to the differences in 
genetic and behavioural traits between pre-industrial and modern human times, we were unable to 
validate this aspect as our study was limited to a small number of specimens. A larger sample size can 
potentially validate this aspect. Additionally, the present measurement techniques took into 
consideration the 3D surface of the bones, which were not covered by previous studies and thus could 
attribute to the difference in results. Nevertheless, our findings are in agreement with the hypothesis 
made by these authors stating less asymmetries in post-industrial groups. 
The percentage surface distribution and volume between the  left and right tibiae pairs indicate a left 
bias, which is consistent with the distance measurements. However, it is to be noted that volume does 
not contain any shape information and therefore cannot be used to quantify the asymmetries in shape 
between two bone surfaces. Other anthropological studies have also reported that the left bone is 
larger than the right in the lower limb, though there is less bilateral variations in the lower compared 
to the upper limb 
8, 24-26
. One pair showed a noticeable percentage surface difference, where the left 
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was larger (61.8%) than the right (38.2%). It is unlikely that the cause of these differences was due to 
bone diseases as such cases were not included in this study. However, these differences may be 
caused by the mechanical environment that the bones are subjected to, which may accelerate or 
impede structural growth 
27. Preferences of a person for using one body side more than the other 28 
may also explain these differences. Ingelmark (1974) observed that a right-handed person is likely to 
have a more developed contralateral left lower limb due to an increase in its muscle contractions in 
order to compensate and support the right upper limb 
29
. This suggests that the cadavers we obtained 
were from right-handed patients with a left-foot dominance. Our results were also in agreement with 
Peters et al. (2006) whom reported that more than 77% of 255100 people showed a right hand 
preference 
30
. 
The novelty of this study was to quantify the bilateral similarities and/or differences of the 3D surface 
geometries of the tibia, which were not achievable with the use of vernier calipers or 2D images in 
previous studies 
7, 8, 11-13, 31
. We were particularly interested in the asymmetries of the bilateral MPS, 
LPS and DS surfaces compared to the rest of the regions due to their associated load bearing 
properties and common use in the clinical setting for the preoperative planning and postoperative 
assessment of articular fractures in the tibial plateau and pilon 
4, 32
. Although the MPS and DS 
surfaces showed significant bilateral differences (p < 0.05), their mean surface deviations were found 
to be less than 0.3 mm. These results suggest that the contralateral tibia can be used as a comparable 
reference standard for such clinical applications since the differences were minute. 
We have also observed that there were significant surface geometrical differences (p < 0.05) between 
the left and right tibiae surfaces as a whole, and also at the proximal and mid diaphysis regions. This 
is inconsistent with the insignificant differences we have found in the distance, angle, perimeter and 
area measurements. It appears that this is largely due to the fact that these measurements cannot 
provide an overall geometrical representation because they are two-dimensional and their 
measurements are dependent on identifying specific anatomical positions rather than taking into 
account the bone surface as a whole. From these findings, a new possibility exists for forensic 
16 
 
examinations to establish new formulas by incorporating the surface geometries of bilateral 3D bone 
models so as to identify human remains more accurately. 
The repeatability tests that we have conducted on one tibia pair revealed that there is a small degree of 
variability in the length, diameter, epiphyseal breadth and width, perimeter and area (≤ 0.1 SD). This 
is due to the semi-automated process of identifying landmarks to measure these variables. Another 
possible source of error may come from the semi-automated process in defining the anatomical axis. 
However, we have found by repeating the creation of the anatomical axis three times, the variability 
of the angles between the axes were less than 0.1°, which would not have adversely affected our 
results. This error increases when taking the MP, LP and DS breadths and widths (0.03 to 0.78 SD), 
and again, this was largely due to the manual process of delineating the subchondral bone surfaces 
compared to the variables mentioned previously. Even though the same method was used to repeat 
these measurements, the challenge was to identify the correct anatomical position for the 
measurements to take place, especially in the subchondral regions. We are aware of previous studies 
outlining a different method in determining these dimensions from X-rays and MR images 
13, 16
, but it 
proved unsuitable for our study due to the intricacy of the 3D structure i.e., the medial and lateral 
plateau peaks were less prominent for width and slope measurements in the ML and AP direction of 
the tibia. However, the user-generated errors were minimised and kept acceptably low as opposed to 
visually demarcating these surfaces without the curvature plot function. 
The surface-geometry measurements, due to automated registration and measurement processes, 
produced the highest accuracy and repeatability results as reflected by their low standard deviation 
values (0 - 0.02 SD) compared to the distance, angle, perimeter and area measurements. These results 
also reinforce the necessity to include surface-based measurements in the quantification of bilateral 
bones instead of just relying on the distance, angle, perimeter and area measurements to determine 
their asymmetries. 
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The importance of conducting the registration process to quantify the surface deviations for the whole 
bone first, and then again on the 6 anatomical regions (Figure 2), is reflected in applications involving 
articular surface reconstructions. This requires the matching of the intact contralateral side to help 
determine if an accurate anatomical reduction has been achieved 
33
. For this, a region-specific 
registration is more appropriate so that a joint shape comparison with the intact contralateral can be 
performed to assess the quality of articular reduction. 2D measurements are also essential for this  
application because angular measurements are conducted to verify joint congruency. Another surgical 
application utilising 2D measurements is high tibial osteotomies (HTO) 
34
, whereby the measurements 
of varus and valgus angles are calculated for preoperative planning purposes. On the other hand, in 
the case of anthropological applications, the registration of individual regions may not be critical in 
determining the dimensions of a bone’s gross anatomy.  
Out of the seven pairs of specimens we have used, it was found that there was one pair showing 
noticeable length differences of 10 mm. Their mean surface deviations were also the highest 
compared to other pairs, suggesting that large length differences can be detected with good accuracy 
using surface deviation maps. As such, any bias between surface morphology and length 
measurements has remained negligible for the purpose of the study. We were unable to verify the 
extent to which a surface based analysis is able to detect differences in axial rotational alignment 
between the tibial plateau and plafond, since the specimens in the study were normal and healthy. 
Nevertheless, we expect that obvious differences in rotational alignment from the registered models 
would be visually apparent and reflected through systematic differences in the distance map. We 
expect 2D angular measurements to be appropriate for such cases. This can be potentially investigated 
in the future. To avoid bias in the results, we suggest that both 2D and 3D measurements be quantified 
to determine bilateral asymmetries of bones. 
Besides being able to quantify the surface deviations, the use of 3D tibia bone models allow a better 
understanding a detailed representation and accuracy of the complexity of their anatomical bony 
structure. At the same time, the use of bone models minimises errors obtained from approximating 
measurements of the MP and LP slopes on superimposed radiographs 
13
. With regards to the method 
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that we have established in measuring the DJ slope, our results (87° ± 1.0°) were in a similar range 
with Paley's (2002) (89° ± 3°). We were unable to make a fair comparison for the MP, LP and 
proximal slopes with Hashemi (2008) and Matsuda (1998) as they measured the slopes using axial 
planes relative to the longitudinal axis rather than the anatomical axis as utilised in our study. In both 
our and Matsuda's methods, however, it was interesting to note that the LP slope was steeper than the 
MP slope by 2 to 3°. This suggests that the 3D models can potentially be used to improve pre-
operative planning of other orthopaedic surgeries such as total knee arthroplasty, as they provide more 
information regarding the anatomical variations between the bilateral plateaus. 
It is noted that the number of triangular surfaces in the reconstructed bone models were different 
between some of the pairs due to the imposed resolutions of the clinical CT scans from the two 
institutions. However, this would not have significantly affected the outcome of our study as all the 
CT slice spacings were considerably lower than 1 mm, and this has been reported to hold sufficient 
accuracy of ~0.2 mm in reconstructing the articular surfaces 
35
. Additionally, the segmentation errors 
were kept negligible (less than 0.11 mm) since a Canny filter was used to determine the region based 
threshold values during the segmentation process 
10
.  
Limitations in this study include a limited sample size (n = 7) to assess the bilateral asymmetries. 
Nonetheless, with this small sample size, we have extensively investigated the asymmetries by 
recording a total of 34 different variables consisting of 2D and 3D measurements which is much 
larger than previous studies. Secondly, the age range of the specimens used in the present study was 
also much wider, from 20 to 72 years. Hence, it was difficult to categorise the extent of bilateral 
asymmetries based on specific age groups i.e., if young adults have a smaller degree of bilateral 
asymmetries than the elderly. 
In conclusion, the accurate quantification of bilateral asymmetries of the tibia requires both 2D and 
3D measurements. Since the results from our study showed that the subchondral bone surfaces of the 
left and right tibiae displayed minor differences of ~0.3 mm, this suggests that the contralateral tibia 
would lend itself as a suitable reference standard, especially in surgical applications involving the 
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preoperative planning and postoperative assessment of articular fracture reduction. We expect that the 
present method will be potentially useful to other long bones in order to assess their bilateral 
asymmetries.  
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